Treatment of chronic hepatitis C virus (HCV) infection with direct-acting antivirals results in a rapid decline in viral load and markers of hepatic inflammation, including serum chemokine (C-X-C motif) ligand 10 (CXCL10) concentration, which is followed in most cases by a sustained virologic response. Whether parallel changes of significance occur in the cellular composition of peripheral blood is relatively unknown. We hypothesized that longitudinal characterization of peripheral blood during treatment would provide insight into cellular migration and immune activation, which would have implications for understanding host immunity both before and after HCV treatment and may relate to HCV clearance. We analyzed longitudinal peripheral innate and adaptive immune cell populations by flow cytometry from 95 subjects enrolled in two direct-acting antiviral clinical trials and examined chemokine receptor expression on T lymphocytes in 43 patients. Within 1-2 weeks of initiating treatment, significant increases were observed in the concentration of peripheral cluster of differentiation 4-positive (CD4 (1) While eradication of chronic HCV infection can be achieved in >90% of patients with oral direct-acting antiviral (DAA) therapy, virologic relapse after treatment and reinfection are causes of viral persistence and sustained Abbreviations: CD, cluster of differentiation; CXCR3, chemokine (C-X-C motif) receptor 3; CXCL10, chemokine (C-X-C motif) ligand 10; DAA, direct-acting antiviral; HCV, hepatitis C virus; HLA, human leukocyte antigen; IFN, interferon; NK, natural killer; SVR, sustained virologic response.
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hepatic inflammation, and patients with cirrhosis remain at risk for complications. (2) (3) (4) (5) Although relapse after cessation of therapy is the most common cause of treatment failure, the exact mechanism(s) for this is not fully understood. Prior work has indicated that host and viral factors impact the odds of relapse after treatment and influence the duration of treatment necessary to achieve a sustained virologic response (SVR). (6, 7) Changes correlated with restoration of innate and adaptive immune function have also been observed in parallel with HCV serum clearance and in some instances associate with favorable treatment outcome. (8) (9) (10) (11) (12) (13) Previous work has indicated that cellular components of the intrahepatic T-cell compartment, including regulatory CD4 + T cells and HCV-specific CD8
T cells, do not normalize in liver tissue after SVR. (14, 15) Furthermore, while studies have demonstrated a decline in histological activity index inflammatory scores after SVR in most treated patients, (16) the fate of tissue-infiltrating lymphocytes during treatment has not been fully explored. A greater understanding of changes in hepatic and peripheral immunity as a result of DAA treatment remains critically important to help inform the risk of subsequent reinfection, regression of fibrosis post-SVR, and prospects for HCV vaccination.
We previously observed a rapid decline in hepatic markers of endogenous interferon (IFN) activation during DAA-HCV therapy. Serum CXCL10 declined to levels observed in healthy volunteers within the first week of therapy in parallel with HCV viral load decline and hepatic transaminase normalization. (9, 17) CXCL10 is among the chemokines that influence leukocyte migration to sites of tissue inflammation, acting primarily through chemokine (C-X-C motif) receptor 3 (CXCR3), which is expressed on activated naive CD4

T cells, CD8
1 T cells, natural killer (NK) cells, NK-T cells, and macrophages; and the CXCL10-CXCR3 chemokine-receptor axis has been implicated in hepatic T-lymphocyte migration during inflammation. (18) (19) (20) Here, we asked whether changes in hepatic immunity are accompanied by corresponding changes in peripheral leukocytes during DAA treatment of HCV, in order to gain insight into cellular migration and inform our understanding of the relationship of host immunity and viral clearance.
Patients and Methods
CLINICAL TRIALS AND SAMPLES
Subjects from trial 1 (SYNERGY group A-C, NCT01805882) had genotype 1 HCV infection and received either 12 weeks of ledipasvir/sofosbuvir (group A), 6 weeks of ledipasvir/sofosbuvir 1 GS-9669 (group B), or 6 weeks of ledipasvir/sofosbuvir 1 GS-9451 (group C). (6) For this report, data from 52 of 60 enrolled subjects were available for analysis, and all 52 subjects achieved SVR. Seventeen patients from group A, 18 patients from group B, and 17 patients from group C were included; and 8 subjects had advanced liver disease (all in group A, Metavir stage F3-4). Data from the three groups were combined for analysis and are presented as "trial 1."
Subjects from trial 2 (SYNERGY group F, NCT01805882) had genotype 1 HCV infection, had advanced liver disease (Metavir stage F3-4), and received ledipasvir/sofosbuvir 1 GS-9451 for 6 weeks. (7) Twenty-five patients were treatment-na€ ıve, and 25 had a history of receiving IFN-based therapy. In the overall study 38/50 (76%) patients achieved
SVR, 11/50 (22%) relapsed after treatment, and 1/50 (2%) was lost to follow-up. No differences in SVR were observed in patients who were treatment-naive versus treatment-experienced. Data from 43 subjects, including 34 who achieved SVR and 9 who relapsed, were available for this analysis.
In both trials, patients were predominantly male (71% trial 1, 66% trial 2), black (88% trial 1, 60% trial 2), and overweight (mean body mass index 27 trial 1, 30.5 trial 2) and had genotype 1a infection (70% trial 1, 76% trial 2). Advanced fibrosis (F3-F4 disease) was present in 30% of patients enrolled in trial 1 and 98% of patients enrolled in trial 2. Most patients (57/60 trial 1, 43/50 trial 2) had an HCV viral load that was either undetectable or below the limit of quantitation by week 4 of treatment.
Both studies received approval from the institutional review board at the National Institute of Allergy and Infectious Diseases, National Institutes of Health, and were conducted in concordance with the 1975 Declaration of Helsinki; and all patients provided written informed consent, as reported with initial publication of the clinical trial results. (6, 7, 16) 
FLOW CYTOMETRY
Immunophenotyping of peripheral blood drawn into ethylenediaminetetracetate-containing blood collection tubes was performed according to the manufacturer's instructions, using a modification of the Centers for Disease Control and Prevention guidelines in a Clinical Laboratory Improvement Act-certified laboratory, as described. (21, 22) Cells were stained with combinations of monoclonal antibodies and then lysed after staining with Optilyse C (Beckman Coulter, Hialeah, FL), washed twice, and resuspended in 500 lL of phosphate-buffered saline (Cambrex, Walkersville, MD). Samples were analyzed immediately on a Becton Dickinson FacsCanto flow cytometer (BD Biosciences, San Jose, CA). Four-color antibody panels used for cellular identification and enumeration are shown in Supporting Table S1 .
The lymphocyte population was identified by side scatter and CD45 staining, with confirmation that <5% of cells within the lymphocyte gate expressed CD14. (22) Absolute concentrations of specific lymphocyte populations (CD3 
STATISTICAL ANALYSIS
Data were analyzed using GraphPad Prism 6 statistical software with either nonparametric or parametric assumptions with a multiple-test correction, as indicated in each individual figure legend.
Results
To assess the possibility that reduced inflammation and HCV replication during DAA treatment would impact peripheral blood composition, we examined peripheral lymphocyte concentrations using longitudinal blood specimens collected during two DAA clinical trials (initially reported in Kohli et al. (6) , Kattakuzhy et al. (7) , and Osinusi et al. (16) and summarized in Table 1 ). In both trials, we observed a significant early increase in the peripheral lymphocyte concentration 1-2 weeks posttreatment (Fig. 1) , a change not consistently sustained over the course of treatment. While NK-cell, CD4
1 T-cell, and CD8 Abbreviations: LDV, ledipasvir; SOF, sofosbuvir.
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T-cell functional capacity has been assessed early after DAA therapy, (8, 10, 11) bulk changes in peripheral concentration of specific lymphocyte populations have not been characterized. To address this, we performed flow cytometry with combinations of four-color antibody panels to enumerate cellular populations. A representative plot delineating gating strategies for CD4 1 and CD8 1 lymphocytes is shown in Fig. 2A . We observed early and significant increases in peripheral concentrations of CD4 1 and CD8 1 T cells (Fig. 2B,C) , less consistent changes in CD19 1 B cells (Supporting Fig.  S1 ), and no significant changes in CD16/56 1 NK-cell or CD14
1 monocyte concentrations (Supporting Fig.  S1 ). Relative frequencies of CD4 1 and CD8 1 T lymphocytes with a specific memory phenotype, assessed by CD45RO/CD27 staining, did not change over the course of treatment; and no differences were observed in trial 2 when results were analyzed by treatment outcome (data not shown).
To further explore the observed changes in CD4 1 and CD8 1 T-lymphocyte concentrations, we determined the frequencies of cells which coexpressed the activation markers HLA-DR and CD38. We found that the percent of CD4 1 and CD8 1 T lymphocytes with an activated (HLA-DR 1 and CD38 1 ) phenotype decreased rapidly with treatment in both CD4 1 
and CD8
1 T-lymphocyte populations (Fig. 3A,B) . While the activated CD4
1 T-lymphocyte concentration also decreased during treatment, no significant change in CD8
1 T-lymphocyte concentration was observed in either trial (Supporting Fig. S2 ). In trial 2, no differences were observed between patients achieving SVR versus relapsers at baseline or at week 2 of treatment (data not shown), while a significant increase was observed in relapsers after patients had already experienced virologic rebound posttreatment at week 12-14 (Fig. 3C) .
To explore whether changes in peripheral lymphocyte numbers may relate to the early decline in CXCL10 serum concentration during DAA treatment, (9, 17) we measured peripheral T-lymphocyte surface expression of CXCR3, the chemokine receptor for CXCL10, as well as CXCR4, the receptor for CXCL12, whose gene expression did not change in liver as a result of DAA treatment. (9, 23) Samples from subjects enrolled in trial 2 were available for use in this analysis. (7) While the percent of CD3 1 lymphocytes expressing CXCR3 had increased by week 2 of treatment, no differences were seen in the percent of cells expressing CXCR4 (Fig. 4A,B) . No difference in CXCR3 staining was observed based on treatment outcome at any time point.
Discussion
Our data demonstrate rapid changes in peripheral T-lymphocyte concentrations during DAA treatment for chronic HCV infection that correlate with surface expression of CXCR3 and previously observed changes in CXCL10 concentration. The increase in peripheral cellular concentrations observed 1-2 weeks after 1 (B) and CD8 1 (C) T-lymphocyte concentrations are shown over time for both trials. Statistical analysis was performed for each time point relative to week 0 using Friedman's test with Dunn's multiple test correction. ***P < 0.001, **P < 0.01, *P < 0.05. Abbreviations: APC, allophycocyanin; PE, phycoerythrin; SSC, side scatter.
T-lymphocyte increase observed in peripheral blood could reflect a combination of reduced hepatic migration of peripheral cells due to altered chemotaxis and potentially hepatic egress of tissue-resident lymphocytes. Further analysis of these cells for specificity and functionality will be critical in enhancing our understanding of HCV pathogenesis and the natural history of liver disease post-SVR. ) phenotype decreases rapidly with treatment initiation. Differences between patients who achieved SVR and relapse were noted at week 12-14 of treatment after patients had experienced virologic relapse (C). Statistical analysis for (A) and (B) was performed for each time point relative to week 0 using Friedman's test with Dunn's multiple test correction. Data in (C) were analyzed using the Mann-Whitney test. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Interestingly, we previously observed an increase in gene expression for type 1 and type 2 IFN receptors in total peripheral blood mononuclear cells 1-2 weeks post DAA treatment with sofosbuvir and ribavirin. (9) Considered with the observation here that peripheral T lymphocytes at this time point have an increase in CXCR3 expression, this suggests that peripheral T cells early after treatment may reflect recent hepatic emigrants that had exposure to hepatic inflammation, including endogenous IFNs and chemokines. In addition, the overall increase in peripheral CD4
1 and CD8
1 T cells observed early in treatment (Fig. 2) , the decline in the percent of these cells with an activated phenotype (Fig. 3) , and the less significant change in absolute number of activated CD8
1 T cells early after treatment (Supporting Fig. S3 ) suggest that recent hepatic emigrants could have lost or could be in the process of losing activation status. If these cells do in fact represent recent hepatic emigrants, further analysis of cytokine secretion, functionality, and antigen specificity may provide novel insights into understanding hepatic fibrogenesis and potentially treatment outcome. We did not analyze liver lymphocytes as part of this study; thus, the possibility that changes observed in the periphery have a connection to intrahepatic cellular populations is an inference.
Recently it was shown that the percent of lymphocytes expressing CD4 increased by week 4 of treatment in a ribavirin-free, IFN-free DAA cohort of 19 patients, while no such changes were observed for
CD8
1 T cells, a study in which absolute cell concentrations were not reported. (10) The percent of CD4 and CD8 cells with an effector memory phenotype was noted to increase, while surface expression of the coinhibitory molecule TIGIT decreased in both cell populations. While these data are not inconsistent with the observations reported here, differences in the time of sample collection (week 1-2 versus week 4), gating strategies, and sample sizes may have impacted the respective results.
Recent work has also correlated intrahepatic activated HCV-specific and polyclonal epitope-specific (not HCV-specific) CD8
1 T cells with chronic inflammation during infection, measured by aspartate aminotransferase/alanine aminotransferase elevation and IFN-stimulated gene transcript expression, with the suggestion that this contributes to fibrosis progression. (25) We were unable to perform staining with Eomes/T-bet to assess the balance of functional and dysfunctional cells in our study due to sample availability. Because most CD8
1 T cells in the liver are not HCV-specific, we suspect that the increase in peripheral CD8
1 T-cell concentrations observed during therapy likely primarily reflects HCV-nonspecific CD8 1 T cells drawn to the liver as a result of chronic inflammation and chemokine production, (26) a hypothesis that can be assessed in future work.
While the strength of this study is the large number of patients and the longitudinal nature of the samples analyzed, several weaknesses merit discussion. First, because we analyzed whole blood at the time of collection and had not anticipated the results observed at week 1-2, our staining panel was not designed for an in-depth characterization of the functional phenotype of cells contributing to the increase in peripheral concentrations and, thus, could not clearly characterize these cells as recent hepatic emigrants. Second, while we sought preliminary associations of our findings with treatment outcome in trial 2, the relatively low number of relapsers (n 5 9) limited our ability to draw firm conclusions regarding a functional correlation between these hepatic resident lymphocytes and HCV clearance. While patient age has been associated with relapse in trial 2, no association with gender, IFNL4 genotype, body mass index, medication adherence, fibrosis stage (F3 versus F4), HCV genotype (1a versus 1b), viral load (over or under 6 million IU/mL), or preexisting resistance-associated variants was identified, (7) highlighting the need for further in-depth functional study of the observed immune changes here with treatment outcome. Finally, a number of other chemokines and chemokine receptors have been implicated in hepatic inflammation and immune cell migration in chronic HCV infection, including chemokine (C-C motif) receptor 5 and ligands, chemokine (C-C motif) receptor 6 and ligands, and chemokine (C-C motif) receptor 4 and ligands, none of which were examined in this study due to sample availability. (18) Our focus on CXCR3 was based on its binding to CXCL9, CXCL10, and CXCL11, implicated in recruiting Th1 and Th17 cells in this liver as all three of these genes were significantly down-regulated in HCV liver over the course of treatment as demonstrated in our previous studies. (9, 23) In conclusion, rapid changes in peripheral Tlymphocyte concentrations were observed during DAA treatment of chronic HCV infection, which could relate to early decreases in hepatic inflammation and egress of adaptive immune cells. Further kinetic and in-depth functional analyses of lymphocytes early in treatment are likely to provide additional meaningful insight into intrahepatic immunity during HCV infection and hepatic remodeling after eradication.
